Tetragonally distorted Mn3−xGax thin films with 0.1 < x < 2 show a strong perpendicular magnetic anisotropy and low magnetization and thus have the potential to serve as electrodes in spin transfer torque magnetic random access memory. Because a direct capping of these films with MgO is problematic due to oxide formation, we examined the influence of a CoFeB interlayer, and of two different deposition methods for the MgO barrier on the formation of interfacial MnO for Mn62Ga38 by element specific X-ray absorption spectroscopy (XAS) and magnetic circular dichroism (XMCD). A highly textured L10 crystal structure of the Mn-Ga films was verified by X-ray diffraction (XRD) measurements. For samples with e-beam evaporated MgO barrier no evidence for MnO was found, whereas in samples with magnetron sputtered MgO MnO was detected, even for the thickest interlayer thickness. Both XAS and XMCD measurements showed an increasing interfacial MnO amount with decreasing CoFeB interlayer thickness. Additional element specific full hysteresis loops determined an out-of-plane magnetization axis for the Mn and Co, respectively.
I. INTRODUCTION
The continuous miniaturization of spintronic devices requires consistently new materials providing high spin polarization and Curie temperature to achieve high tunnel magneto resistance (TMR) effects at room temperature and low magnetic damping, low saturation magnetization to lower the critical current for spin-transfer torque (STT) switching. [1] In addition, a large perpendicular magnetic anisotropy is required to guarantee reliable data retention. Examples of commonly used thin films with perpendicular magnetic anisotropy are (Co/Pd) n [2] or (Co/Pt) n [3] multilayers, which take advantage of the large magnetic anisotropy induced by interfaces. Another approach to induce a perpendicular magnetic anisotropy is the utilization of ferromagnetic materials in combination with rare earth elements. The integration of such films into perpendicular magnetic tunnel junctions (pMTJs) or spin valves (SPVs) was reported by Nakayama et al. [4] and Li et al. [5] for TbCoFe and Tb-Co 2 FeAl. Both the multilayer structures and the ferromagnetic materials in combination with rare earth elements provide a high anisotropy energy density K = M S H K /2, with H K = H Sat + 4πM S . [6] [7] [8] H Sat is defined as the saturation field in hard magnetic axis direction. But due to the high spin-orbit interaction of noble * mglas@physik.uni-bielefeld.de; www.spinelectronics.de metals and also rare earth elements, the damping constant α is large (α Co/Pd ≈ 0.09) [9] and thus a high critical current density for STT switching can be expected. Combined with the challenging deposition of multilayers and the high reactivity of rare earth elements this may hinder the wide spread use of these materials in application. To overcome these obstacles new materials have to be developed. A promising material is the Mn 3−x Ga compound, which is predicted to fulfill [1] the criteria for STT switching and stability. In the X 2 YZ Heusler-type D0 3 phase, the X and Y positions are occupied with Mn atoms and the Ga atoms occupy the Z positions. Wurmehl et al. predicted Mn 3 Ga to be a half-metallic, fully compensated ferrimagnet. [10] The tetragonally-distorted L1 0 and D0 22 crystallographic phases provide an easy magnetization axis perpendicular to the film plane if the distortion axis is in the growth direction. The L1 0 phase can be found for x > 1.2. However, between 0.15 ≤ x ≤ 1.06 the D0 22 crystal structure can be achieved. [ [16] An important reason of these lower TMR effects could lie in the low spin polarization of the s-electrons of Mn 3−x Ga, which are mostly responsible for incoherent tunneling. Additionally the oxidation of the Mn could cause the low TMR and/or the lattice mismatch between the Mn-Ga bottom layer and the MgO barrier. In this paper we investigate the oxidation of the Mn during the deposition of the MgO barrier and the influence of an additional CoFeB interlayer to improve the material systems for applications.
II. EXPERIMENTAL
The samples were prepared by conventional DC and RF magnetron sputtering. The Mn 1.63 Ga thin films were deposited in a UHV system from a Mn 50 Ga 50 sputtering target. The Ar pressure was 1.3 × 10 −3 mbar and the growth rate was set to approximately 0.4 nm/sec. To achieve a tetragonally distorted lattice, the deposition temperature was 520
• C. The Mn-Ga layers were deposited on SrTiO 3 (001) substrates. The cubic SrTiO 3 exhibits a lattice parameter of 3.905Å. Due to the low lattice mismatch (< 1 %) highly textured thin films are obtained. [17] An additional interlayer of Co 40 Fe 40 B 20 (CoFeB) was deposited at room temperature on the Mn 1.63 Ga thin film, with thicknesses from 0 to 2 nm. Finally, the layers were capped by a 2 nm thick MgO layer. Two different deposition procedures were used for the MgO tunnel barrier, magnetron sputtering and e-beam evaporation. X-ray absorption spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD) measurements were performed at beamline (BL) 6.3.1 of the Advanced Light Source in Berkeley, USA. The Mn L edges were investigated by surface sensitive total electron yield in normal incidence. XMCD spectra were obtained by applying a magnetic field of 1.5 T along the X-ray beam direction using elliptically polarized radiation with degrees of polarization of +66 %. The sample temperature was 300 K.
III. RESULTS
The film compositions were determined by X-ray fluorescence (XRF) as Mn 1.63±0.06 Ga. XRD measurements (Cu Kα 1.5418Å) were utilized to investigate the crystal- lographic structure and to determine the crystal phase. Fig. 1 (a) shows the X-ray diffraction results for the 23 nm thick Mn 1.63 Ga thin films with a CoFeB interlayer thickness of 0 and 2 nm. All samples show the fundamental (002) peak, corresponding to c ≈ 3.63Å (see Fig. 1 (d) ).
In addition the two superlattice peaks, (001) and (003), are also visible. The (011) reflex is forbidden in the L1 0 crystal structure. peak for all samples. We thus conclude, that our samples show a L1 0 structure with very good crystalline quality. In Fig. 1 (b) and (c) a fine scan of the (001) and (002) film reflex for a sample with 0.8 nm CoFeB is shown. At smaller angles the amplitudes of the oscillations are smaller compared to the substrate reflex intensity and therefore not visible. However, due to the weak asymmetry of the fringes we conclude that an almost homogeneous strain along the growth direction is present. [18] In addition, rocking curves of the (002) reflex were carried out. The full-widths at half-maximum (FWHM) of rocking curves at the (002) reflex are shown in Fig. 1 (e) . An average value of 0.24 deg was found showing a narrow distribution of the orientation of the grains. Considering a Gaussian function to describe the peak (shape factor K = 0.89) a lateral grain size between 25 and 55 nm was determined.
The valence states and magnetic properties of Mn near the Mn-Ga/(CoFeB)/MgO interface were investigated by X-ray absorption spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD). Fig. 2 (a) depicts the typical absorption spectra of Mn for samples with different CoFeB interlayer thicknesses and RF sputtered MgO. For an interlayer thickness below 0.8 nm the shape of the Mn spectra slightly differs from those of Mn in the metallic state. [19] At photon energies above the L 3 resonance, an additional feature was found (marked by black arrow) indicating the formation interfacial MnO for CoFeB interlayers thinner than 0.8 nm. In Fig. 2 (b) the XA spectra for Mn 1.63 Ga thin films capped with ebeam evaporated MgO are shown with and without a 1 nm CoFeB interlayer. In this case no evidence for the formation of interfacial MnO was found. Therefore the method used for the deposition of the MgO barrier determines the oxidation of the underlying metal electrode. Furthermore a second-order Mg peak (K 1 = 1303.0 eV) caused by the higher order contributions of the beamline and the MgO capping, was found for all samples above the L 2 edge (marked by green arrow). Fig. 3 (a) shows the corresponding XMCD signal normalized to the postedge jump height (i. e., η = 1), which increases with increasing CoFeB thickness. Thus, the magnetic moment, which corresponds to the maximum XMCD signal, increases due to the lower amount of MnO. The XMCD data for thin films capped with e-beam evaporated MgO (Fig. 3 (b) ), show the same behaviour as previously seen for Mn 1.63 Ga thin films with sputtered MgO capping. Therefore the normalized XMCD data agree with the XAS measurements and show, that the Mn magnetic moment at the interface increases with increasing CoFeB thickness. Fig. 4 shows the maximum XMCD signal, as defined in Fig. 3 (a) , depending on the CoFeB interlayer thickness. and remains constant. Thus the range of perpendicular magnetization of the CoFeB is extended to thicknesses up to 2 nm for our film system.
IV. CONCLUSION
We prepared Mn 1.63 Ga/CoFeB/MgO thin films and investigated the influence of a CoFeB interlayer on the amount of MnO and therefore on the total magnetic moment at the interface of Mn 1.63 Ga thin films with CoFeB/MgO. In addition, two different deposition methods for the MgO barrier were examined. Thin films with magnetron sputtered MgO capping and a CoFeB thickness below 0.8 nm show a difference in the electronic structure of the unoccupied 3d states (see Fig. 2 ) compared to pure Mn which points to MnO formation, whereas for an e-beam evaporated MgO barrier no evidence for MnO was found. The formation of MnO for sputtered MgO can be suppressed by a CoFeB interlayer of at least 0.8 nm thickness. In accordance with the XAS, the XMCD data show an increase in the total magnetic Mn moment with increasing CoFeB interlayer thickness. This increase in the magnetic moment can be explained by the decreasing MnO amount. However, the samples with e-beam evaporated MgO barrier exhibit a higher magnetic moment compared to samples with magnetron sputtered MgO barrier. This effect should be taken into account for the further preparation of magnetic tunnel junctions with Mn-Ga electrode. Element specific full hystereses loops were taken to determine the magnetization axis of the Mn and Co, respectively. For CoFeB thicknesses from 0.8 to 2.0 nm a perpendicular magnetization of the CoFeB to the sample surface was found. The origin of the outof-plane magnetization of the CoFeB needs to be investigated further because it is not clear, if the magnetic stray field of the Mn-Ga or an exchange coupling between both materials along with a perpendicular anisotropy introduced by the CoFeB/MgO interface cause the perpendicular magnetization.
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